Plasmid DNA vaccines are novel and powerful tools to induce humoral and cellular immune responses which are protective against bacterial and viral infections (25, 33 ; reviewed in reference 8). Altering the route of delivery and coapplication of stimulatory molecules can be used to improve DNA vaccines. DNA vaccines are commonly delivered by either intramuscular injection or intradermal application using a gene gun. The gene gun-mediated propulsion of DNA-coated gold particles into the dermis is an attractive mode of application, since only small amounts of plasmid DNA are needed for vaccination (13, 20, 26, 30, 31) . The presence of large numbers of antigen-presenting Langerhans cells makes the skin a major immunological inductive site and may explain the high efficacy of gene gun vaccination (19, 29) . The coapplication of plasmids expressing cytokines is an approach to modulate immune response to DNA vaccines (3, 4, 11, 14, 15) . It has been demonstrated that gamma interferon (IFN-␥) plasmids support Th1 responses and suppress Th2 responses. Other biological effects of IFN-␥ include the induction of major histocompatibility complex class I and II expression on cellular surfaces and hence an enhancement of antigen presentation. IFN-␥ also converts various cell types into nonprofessional antigen-presenting cells and triggers the differentiation, maturation, and activation of resting macrophages (reviewed in reference 9).
Furthermore, IFN-␥ supports tumor necrosis factor alpha effects in a synergistic way. Consequently, it has been shown that the coinjection of IFN-␥ and interleukin-12 expression vectors significantly enhances the cellular immune response in mice (15) .
To evaluate DNA vaccines against hepatitis B, a number of immunogenicity studies and protection studies with different hepatitis B virus proteins have been carried out (1, 2, 7, 17, 18, 34, 35) . Immunizations with plasmids expressing hepatitis B virus surface antigen (HBsAg) and hepatitis B virus core antigen (HBcAg) have been shown to induce high antibody titers and substantial T-cell responses in mice (1, 2) . Protection from hepadnavirus infection by intramuscular DNA immunization has been demonstrated with ducks and woodchucks (22, 32) . Antibody titers known to be protective in humans have also been induced by DNA vaccination of chimpanzees using a plasmid expressing HBsAg (6) .
In previous studies, it has been demonstrated that an immune response against the woodchuck hepatitis virus (WHV) core antigen (WHcAg) primed by DNA vaccination effectively protected woodchucks against subsequent challenge with WHV (22) . As the core protein inside the intact viral particle is covered by the surface antigen and therefore is not accessible to neutralizing antibodies, the cellular immune response may have played the major role in this protection. DNA vaccinations appeared to be less effective in large animals than in mice. Immunizations of woodchucks with a plasmid expressing WHcAg (pWHcIm) induced only a low level of WHcAg-spe-cific lymphoproliferative and antibody responses. Therefore, we investigated whether coapplication of the recently characterized woodchuck IFN-␥ (21) can improve the efficacy of pWHcIm-based DNA vaccination. We demonstrated that gene gun immunization using WHcAg in combination with woodchuck IFN-␥ is sufficient to induce a lymphoproliferative immune response and to suppress viral replication after challenge with WHV.
MATERIALS AND METHODS
Woodchucks. Adult WHV-negative woodchucks trapped in the state of New York were purchased from North Eastern Wildlife (Ithaca, N.Y.). Previous exposure to WHV of these woodchucks was excluded by testing for anti-WHc, anti-WHs, and WHsAg. At the beginning of the study, the woodchucks were between 12 and 18 months old.
Construction, purification, and expression of plasmids pWHcIm and pWIFN␥. Plasmids pWHcIm and pWIFN␥ were constructed as described earlier (21, 22) . Briefly, the core gene of WHV8 was amplified by PCR, and the PCR products were cloned into pCRII (Invitrogen, San Diego, Calif.) according to the manufacturer's instructions. The sequenced PCR fragment containing the WHV core gene was isolated by digestion with EcoRI and inserted into the EcoRI site of pcDNA3 (Invitrogen). The integrity of the clones was verified by sequencing.
Plasmids pWHcIm and pWIFN␥ were prepared with a Giga plasmid purification kit (Qiagen, Hilden, Germany). Plasmids were dissolved in phosphatebuffered saline at a concentration of 1 mg/ml. The amount of bacterial protein contaminants in these preparations ranged from 0 to 10 ng/ml, as determined by using micro-BCA protein assay reagent (Pierce; Oud Beijerland, The Netherlands).
Expression was demonstrated as described earlier (22) . Briefly, a BHK cell line and a woodchuck liver cell line, WH12/6, were used for transfection experiments. Transfection of cells was performed using lipofectamine (Gibco BRL, EggensteinLeopoldshafen, Germany). Four micrograms of plasmid was incubated with 10 g of lipofectamine in 100 l of media for 45 min and was incubated with cells in 1 ml of Opti-Media (Gibco BRL) for 6 h at 37°C, 5% CO 2 . pWHcIm-transfected cells were maintained for 48 h at 37°C in 5% CO 2 and fixed with acetone and methanol (1:1). The expressed WHcAg was detected by indirect immunofluorescence staining using rabbit antisera. The expression of woodchuck IFN-␥ was shown in a bioassay.
Virus protection assay. A virus protection assay was carried out to measure the amounts of IFN-␥. Briefly, mouse L929 or woodchuck WH12/6 cells were seeded into 96-well microtiter plates and cultured in 100 l of F12 medium supplemented with 10% fetal calf serum at 37°C in 5% CO 2 until 100% confluent. After the culture medium was discarded, 100 l of F12 medium containing appropriate dilutions of samples was added to cells for an additional incubation of 24 h. Afterwards, mouse encephalomyocarditis virus was added to cells and incubated an additional 24 h. Cells were stained and fixed with 0.1% crystal violet in 20% ethanol. One unit of IFN-␥ was defined by its ability to protect 50% of cells per well.
Immunization of woodchucks by gene gun. Gene gun immunizations were delivered to the shaved groin regions of ketamine-xylazine hydrochloride (Rompun)-anesthetized woodchucks using a Helios Gene Gun (Bio-Rad, Hercules, Calif.). Immunizations were performed as recommended by the manufacturer. DNA was precipitated onto 1-m gold beads (Bio-Rad) at room temperature. Twenty-five milligrams of gold microcarriers was measured into a 1.5-ml microcentrifuge tube. One hundred microliters of 0.05 M spermidine (Sigma, St. Louis, Mo.) was added, and the mixture was vortexed for 20 s and sonicated for 5 s. Fifty micrograms of pWHcIm (or 50 g of pWHcIm and 50 g of pWIFN-␥) was added in a maximum volume of 100 l. The mixture was again vortexed for 20 s. While the mixture was being vortexed at a moderate rate on a variable-speed vortexer, 100 l of 1 M CaCl 2 was added drop by drop. The DNA was allowed to precipitate at room temperature for 10 min. The supernatant was removed, and the gold microcarriers were washed three times with fresh 100% ethanol. After the last wash, 3 ml of ethanol containing 0.05 mg of polyvinylpyrrolidone (Bio-Rad) was added to the mixture. The gold microcarriers were then used to coat the inner wall of Tefzel tubing (Bio-Rad) according to the manufacturer's protocol. Cartridges were loaded into the gene gun. Ten cartridges were discharged per animal (five shots with 300 lb/in 2 and five shots with 400 lb/in 2 ), delivering a total of 10 g of pWHcIm (or 10 g of pWHcIm and 10 g of pWIFN-␥).
WHV challenge and statistical analysis. Six weeks after vaccination, woodchucks were challenged intravenously with an inoculum containing 10 5 WHV genome equivalents. Serum derived from a chronic WHV carrier was used as a source of WHV. This serum contained 10 7 WHV genome equivalents per ml. The serum was sterile filtered, and aliquots were stored at Ϫ80°C. In previous experiments, similar doses of this stock have been used to challenge 14 woodchucks (22; our unpublished observations). All animals became viremic after challenge. These animals were included in the statistical analysis. The significance for the 2 ϫ 2 table was calculated using a formula for small sample sizes: (10) .
Serology and detection of WHV DNA. Anti-WHc, anti-WHs, and WHsAg were detected by enzyme-linked immunosorbent assay (ELISA) as described previously (27, 28) The sensitivity of ELISA was determined in tests of serially diluted positive sera of woodchucks experimentally infected with WHV. The ELISA for anti-WHc was able to detect anti-WHc in woodchuck sera at dilutions of 10 Ϫ3 to 10
Ϫ6
. The dot blot technique was routinely performed to detect WHV DNA in woodchuck sera. For PCR detection of WHV DNA in woodchuck sera, nucleic acids were isolated from sera by proteinase K digestion and phenol extraction. PCR for amplification of the WHV core gene was performed with primers wc1 (nucleotides nt 2015 to 2038, 5Ј-TGGGGCCATGGACATAGATCCTTA-3Ј) and fwc3a (nt 2537 to 2557, 5Ј-TCTGCGACGCGGTGATTGAGA-3Ј). By testing serial dilutions of a cloned WHV core fragment, 10 copies of specific templates were sufficient to give a positive result in the PCR. A virus DNA titer of 500 copies per ml of serum could be detected.
Measurement of WHV antigen-specific proliferation of woodchuck PBMCs. Antigen-specific proliferation of woodchuck peripheral blood mononuclear cells (PBMCs) was determined by [2] [3] H]adenine assay as described previously (16) . Briefly, woodchuck PBMCs were separated by Ficoll-Paque (Pharmacia, Freiburg, Germany) density gradient centrifugation and suspended in 0.9% NaCl. Triplicates of 5 ϫ 10 4 PBMCs were cultured in flat-bottom 96-well microtiter plates (Falcon; Becton Dickinson, Paramus, N.J.) at 37°C in a humidified atmosphere containing 5% CO 2 . Two hundred microliters of AIM-V medium (Gibco BRL) supplemented with 2% 0.2 M L-glutamine (Sigma), 1% 0.125 M gentamicin sulfate (Sigma), and 10% fetal calf serum (Gibco BRL) was added to each well. PBMC proliferation in response to WHcAg or peptides was measured at an antigen concentration of 1 g/ml. After a 5-day incubation, cells were labeled with 1 Ci of [2] [3] H]adenine (Amersham, Braunschweig, Germany) for 20 h and collected by a cell harvester (Skatron). Two panels, A and B, of WHcAg-derived peptides were used (see Table 2 ). Panel A consists of 16 overlapping 20-mer peptides and covers the complete WHcAg. Panel B, consisting of 6 additional peptides, covers the immunodominant region of the WHcAg, amino acids (aa) 97 to 140.
Results for triplicate cultures are presented as a mean stimulation index (SI, mean total absorption for stimulated PBMCs divided by the mean total absorption for control). The standard deviation of the means was less than 30% of the mean (range, 15 to 50%). An SI of Ն2 was considered significant, to distinguish the specific stimulation and possible variation within an assay, as described previously (24) .
RESULTS
Immune response succeeding a single-shot DNA vaccination. To test whether a single-shot DNA vaccination induced an efficient immune response, three woodchucks (group A) were immunized with 10 g of an expression vector for WHcAg (pWHcIm) using the gene gun (Table 1) . To evaluate the augmentation of immune response by coadministration of an expression vector for IFN-␥, three woodchucks (group B) were immunized with 10 g of pWHcIm and 10 g of pWIFN-␥. Sera were tested for anti-WHcAg and for proliferative re- sponses of PBMCs to WHcAg and WHcAg-derived peptides (Table 2 ) after vaccination. Woodchucks of group A immunized with pWHcIm developed neither anti-WHcAg (Fig. 1A) nor a proliferative response to WHcAg or core peptides (Fig.  2) . Likewise, no antibody response to WHcAg was induced by immunization of animals in group B with pWHcIm in combination with pWIFN-␥ (Fig. 1B) . However, for all animals in group B, a proliferative response to core and core peptides was detected at week 3 after immunization (Fig. 2 Magnitude of the proliferative immune response after immunization. The protective efficacy of DNA vaccination may be correlated to the intensity of the lymphoproliferative response. Therefore, the magnitude of the proliferative immune response was analyzed after vaccination. The proliferative immune response induced by coimmunization with core and IFN-␥ 6 weeks after vaccination was compared to the proliferative response detected in the control animals 6 weeks after WHV infection (Fig. 3) . The SI of PBMCs derived from animals of group B ranged from 3 to 5. The strongest proliferation (SI Ͼ 5) was detected in PBMCs of animal 9222 in response to peptide 11. A proliferative response of the same magnitude was demonstrated with PBMCs derived from the control animals 6 weeks after WHV inoculation.
Challenge of vaccinated animals with WHV.
Woodchucks of all groups were challenged with 10 5 genome equivalents of WHV 6 weeks after the single-shot immunization, and sera were analyzed for WHV DNA by dot blot hybridization as well as by PCR and for antibodies against WHcAg. WHV DNA was detected in the sera from two animals of group A (10841, 10842), while the third animal (10843) stayed negative for viral DNA throughout the follow-up (Fig. 1A) . Animal 10841 was PCR positive at week 5 after challenge and animal 10842 was positive at weeks 3 and 4 after challenge. However, WHV DNA could not be detected by dot blot hybridization in the sera of these animals, indicating that the number of WHV genomes stayed below the detection limit of 10 6 genomes per ml. The observed protection of one of three animals without detectable WHV DNA was not significant (P ϭ 0.2). In contrast to animals in group A, all animals in group B immunized with pWHcIm in combination with pWIFN-␥ remained negative for WHV throughout the observation period (Fig. 1B) . Neither by dot blot hybridization nor by PCR could WHV DNA be detected. Animals in this group were significantly protected (P ϭ 0.0015) from viremia. As expected, the two control animals of group C, immunized with the empty pcDNA3 vector, were viremic after inoculation of infectious WHV (Fig.  1C) . WHV DNA was repeatedly detected by PCR in the serum of animal 9936 between weeks 2 and 6 after infection, while animal 9993 was PCR positive only in week 4. In both animals, WHV DNA was detected by dot blot hybridization 4 weeks after challenge with a titer of 10 7 genomes per ml of serum. Humoral immune response after challenge. Antibodies against WHsAg and WHcAg were determined following the inoculation of WHV. All animals of group A developed antibodies against WHcAg after challenge (Fig. 1A) . Additionally, antibodies against WHsAg were detected at weeks 3 and 4 after challenge in the sera of animals 10841 and 10842. Although no WHV DNA could be detected in the serum of woodchuck 10843 3 weeks after challenge, the animal seroconverted to anti-WHsAg. Even though a proliferative response to WHcAg and WHcAg-derived peptides was detected after immunization with pWHcIm and pWIFN-␥, no anamnestic humoral immune response to WHcAg was observed in animals of group B seroconverting (Ն50% inhibition) between weeks 6 and 8 after challenge (Fig. 1B) . Furthermore, all animals, including the WHV DNA-negative animals, seroconverted to anti-HBsAg, indicating a low-level infection of the liver. Woodchucks 9222 and 9226 of group B displayed a delayed seroconversion to anti-WHsAg (weeks 9 and 10 after challenge) and to anti-WHcAg (weeks 8 and 9 after challenge) when compared to control animals. The two control animals, immunized with the empty pcDNA3 vector, seroconverted to anti-WHcAg and anti-WHsAg between 4 and 6 weeks after challenge, respectively (Fig. 1C) .
Lymphoproliferative response after challenge. The cellular immune response to WHcAg and WHcAg-derived peptides was determined by proliferation assay after challenge. Two animals of group A immunized with pWHcIm developed a proliferative response to WHcAg and various core peptides after challenge (Fig. 2) . Simultaneous to the detection of WHV DNA in the serum of woodchuck 10841 in week 4 after infection, PBMCs derived from this animal showed an initial proliferative response. The proliferative response was directed against WHcAg, peptide 19, located within the middle part of the core protein, and peptide 1, located at the amino terminus. PBMCs derived from woodchuck 10842 showed a multispecific proliferative response to WHcAg, to peptide 6, and to peptides covering aa 97 to 137 of the core protein in weeks 4 and 5 after challenge (Fig. 2) . 
DISCUSSION
In this study, we have demonstrated that a combined DNA vaccination of plasmids expressing WHcAg and IFN-␥ using the gene gun is sufficient to induce an immune response and to control WHV replication in woodchucks after challenge.
The lymphoproliferative responses to WHcAg in vaccinated woodchucks are closely associated with effective control of WHV infection. Menne et al. demonstrated that priming T-cell response to a single epitope within WHcAg by peptide immunization was sufficient to control WHV infection (24) . However, the protective efficacy of DNA vaccination may be linked to the potency of the lymphoproliferative response. Therefore, the magnitude of the proliferative response was analyzed after vaccination. The lymphoproliferative response after combined DNA vaccination with core antigen and IFN-␥ was as strong as the proliferative response induced by viral replication following experimental WHV infection. These results are in accordance with previously published experiments showing that the coadministration of IFN-␥ leads to an enhanced proliferative response and a reduced antibody response to HBsAg in mice (3) . In this study, PBMCs derived from three animals immunized with core antigen and IFN-␥ showed strong proliferation in response to WHcAg. All three animals were protected from viremia. These results corroborate the importance of WHcAgspecific lymphoproliferative responses in the control of WHV infection. In woodchucks immunized with pWHcIm alone, viremia occurred but remained low. In woodchuck 10843, WHV DNA was below the PCR detection limit. Thus, vaccination with pWHcIm alone may induce a weak immune response, which was generally insufficient to control WHV infection in woodchucks. We have demonstrated previously that the viremic phase in woodchucks acutely infected with WHV is accompanied by a proliferative response to WHcAg and corederived peptides (23) . Accordingly, all viremic animals of groups A and C showed a proliferative response to WHcAg and different core-derived peptides 4 to 7 weeks after challenge. A proliferative response was also demonstrated in all animals of group B 3 weeks prior to challenge and between 1 and 2 weeks after challenge. This response can be attributed to the previous vaccination. However, animal 10843 was also protected but did not show any measurable lymphoproliferative responses to WHcAg; although it applies to only one animal, this observation may suggest that other cellular immune responses such as cytotoxic T lymphocyte may be involved in the protective mechanism. Nevertheless, these results provide additional evidence for the importance of WHcAg-specific lymphoproliferative responses in WHV infection.
Woodchucks develop high antibody titers against WHcAg during a natural WHV infection, although WHcAg is primarily localized intracellularly (5, 12) . However, no anti-WHcAg was detected after DNA vaccination with 10 g of plasmid, even by using core antigen in combination with IFN-␥. Previously, we had vaccinated woodchucks intramuscularly with different plasmid doses (22) . Immunization with 100 g of plasmid DNA did not induce measurable anti-WHcAg antibody titers. Only after three injections using 1-mg DNA doses was a low, transient antibody titer to WHcAg detected. It appears that DNA vaccination was unable to induce an antibody response to WHcAg in woodchucks. An interesting observation in our experiments is the lack of anamnestic antibody responses against WHcAg after challenge in animals of groups A and B immunized with pWHcIm. We have demonstrated previously that intramuscular vaccination with pWHcIm induces low titers of anti-WHcAg and a slight increase in anti-WHcAg titers after challenge with WHV (22) . However, this increase was probably due to the carryover from the high anti-WHcAg antibody titer in the challenge virus stock. In contrast, a strong anamnestic antibody response to WHsAg after challenge was observed with woodchucks previously immunized with a vector expressing WHsAg. A strong anamnestic humoral immune response was also observed after boosting chimpanzees immunized with a single injection of 400 g of plasmid DNA expressing HBsAg (6). These results indicate that the development of antibodies against WHcAg and WHsAg is controlled by distinct mechanisms. This may be explained by different cellular locations of these antigens, which influence their exposure to B cells.
WHcAg is a nucleoprotein and does not induce neutralizing antibodies against WHV virions. Thus, vaccinations with WHcAg or plasmids expressing WHcAg do not protect hepatocytes from viral infection and do not induce a "sterile" immunity. However, viral replication can be suppressed efficiently at an early stage of infection. Roos et al. demonstrated that the suppression of WHV replication in WHcAg-immunized animals is so effective that the virus cannot be detected in liver biopsies (27) . Hence the cell-mediated immunity primed by DNA vaccination apparently controlled the infection and significantly reduced the release of virus particles into the periphery. Because there is a strong correlation between anti-surface antibodies and protection in humans and in woodchucks, the appearance of anti-surface antibodies always indicates a termination of the infection. Even though the presence of antisurface antibodies and virus may occasionally overlap for a short period, significant viral replication has never been observed in the presence of anti-surface antibodies. Woodchucks immunized with inactivated serum derived from chronic WHV carriers do not develop anti-WHsAg (our unpublished observations). Therefore, the presence of antibodies against WHsAg found in woodchucks coimmunized with plasmids expressing WHcAg and IFN-␥ after challenge indicates a low-level replication in hepatocytes after challenge with WHV. Neutralizing antibodies, such as anti-HBsAg antibodies, are important to prevent the spread of released WHV to uninfected hepatocytes, while the cellular immune response system primed by DNA vaccination may down regulate intrahepatic WHV replication.
Taken together, our findings demonstrate that DNA covaccination with WHcAg and IFN-␥ expression plasmids induces a protective immune response in woodchucks. Coadministration of IFN-␥ enhanced the priming of cellular immune responses substantially and appeared to be essential for the control of WHV replication. These observations therefore have implications for the development of novel DNA vaccines for prophylaxis and therapeutic treatments against HBV infection.
